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ABSTRACT
The growing trend in miniaturization of electronics has generated a need for efficient thermal
management of these devices. Boiling has the ability to dissipate large quantity of heat while
maintaining a small temperature difference. Vapor chamber with pool boiling offers an effective
way to provide cooling and maintaining temperature uniformity. The objective of the current
work is to investigate pool boiling performance of ethanol and FC - 87 on microchannel surfaces.
Ethanol is an attractive working fluid due to its better heat transfer performance and higher heat
of vaporization compared to refrigerants, and lower boiling point compared to water. The
saturation temperature of ethanol can be further reduced to temperatures suitable for electronics
cooling by lowering the system pressure. Fluorocarbons are considered to be ideal fluids for
electronics cooling due to their low normal boiling point, dielectric and inert nature. FC – 87 is
selected for the current work.
Ethanol is tested at four different absolute pressures, 101.3 kPa, 66.7 kPa, 33.3 kPa and 16.7
kPa using different microchannel surface configurations. Heat dissipation in excess of 900
kW/m2 was obtained while maintaining the wall surface below 85 °C at 33 kPa. Flammability,
toxicity and temperature overshoot issues need to be addressed before practical implementation
of ethanol-based cooling systems in electronics cooling application. FC – 87 with microchannel
yields average performance when compared to literature. Effect of surface area is identified as
the key reason for performance enhancement. A new finned structure is developed, which gave a
heat flux value 1.25 MW/m2 at 40 °C wall superheat for FC – 87 at atmospheric conditions.
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NOMENCLATURE

hlv

latent heat, J/kg

H

channel height/depth, µm

k

thermal conductivity, W/m K

L

length, m

q”

heat flux, W/m2

r

cavity radius, m

R

bubble radius, m

T

temperature, K

P

pressure, N/ m2

W

channel width, µm

x

distance, m

Greek Symbols
ΔTsat

wall superheat, K

∆Tsub

liquid subcooling, K

δt

thermal boundary layer length, m

νlv

liquid-vapor specific volume difference, m3/kg

σ

surface tension, N/m

ρ

density. kg/ m3
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1. INTRODUCTION
All electronic devices need cooling. Failure to properly cool these devices may lead to
improper functioning or breakdown. Miniaturization of electronics has caused thermal
management to become an important criterion in designing of electronic equipment.
Environmental and energy concerns have furthered the need to provide an efficient cooling
system.
For the last decade or so a combination of forced air cooling and heat sinks has been used to
cool electronic chips. Lately though we are reaching the upper limits of these cooling methods.
Liquid cooled computers and data centers (SuperMUC, Leibniz Supercomputing Centre) are
being unveiled in markets nowadays but even their heat dissipation rate do not compare with
pool boiling (phase change). The table below shows a list of cooling methods with their heat
transfer coefficient.
Table 1 Cooling Methods and heat transfer coefficients [1]
Cooling Method

h [W/m2K]

Natural Convection – Air

2 - 25

Forced Convection – Air

25 – 250

Natural Convection – Water

50 – 1000

Forced Convection – Water

100 – 20000

Pool Boiling

2500 – 100000
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Due to the latent heat effects large amount of heat can be removed by boiling. Boiling
can be broadly classified into two categories pool boiling and flow boiling. Pool boiling can be
defined as the boiling of stagnant fluid over a heated surface while flow boiling can be defined as
the boiling of a fluid with a fixed flow rate over a heated surfaces. Pool boiling can be
considered as one the candidates for cooling application in high powered electronics due to its
ability to dissipate large quantity of heat while maintaining a small temperature difference. Pool
boiling is also an attractive option since it has no moving parts and does not suffer from the
instabilities that plague flow boiling.
Understanding the limitation of boiling is also a very important aspect as reaching the
dryout and critical heat flux (CHF) condition can be very harmful to the system. Hence a lot of
research is going into understanding the different factors affecting the boiling phenomena like
bubble dynamics, surface finish, surface orientation, system pressure, liquid subcooling, and
wettability.

9

1.1 Boiling Curve
The boiling curve [2] shown in Fig. 1.1 depicts the heat flux (W/m2) versus the wall
superheat and helps in understanding the underlying mechanism present in boiling.

Figure 1.1 Boiling curve [2]
Heat transfer occurs through natural convection up to point A. At point A when the wall
superheat has reached a certain value, vapor bubble begin to appear on the heater surface. This is
referred as the onset of nucleate boiling (ONB). The pre-existing gas nuclei present in cavities of
the heated surface causes bubble formation. The portion between point A and C is termed as the
nucleate boiling, where point B is the transition point from which the vapor bubble begins to
coalesce with the adjacent nucleating bubbles. Region from Point A to B is called partial
nucleate boiling since discrete bubbles are released from random sites from the surface while
portion from B to C is termed fully developed nucleate boiling. The nucleate boiling regime is
10

most desirable for many industrial applications because of its high heat flux at relatively low
levels of excess temperature.
Point C represents the point of maximum heat transfer known as the critical heat flux
(CHF). It is defined as the upper limit of nucleate pool boiling, where maximum amount of heat
can be dissipated with the liquid still re-wetting the surface. As the temperature increases beyond
the CHF point, the rate of bubble generation exceeds the rate of bubble detachment from the
heater surface. Bubbles merge to form continuous vapor film over the surface thus preventing the
liquid to come in contact with the surface. The portion between point C and D is transition
boiling. It is a mixture of both nucleate and film boiling and is extremely unstable as heat flux
decreases with increase in wall superheat. Film boiling is the region where the entire surface is
covered by the vapor and point D is the minimum heat flux (MHF) point.
For power controlled heating where the heat flux is the independent variable, after the
CHF condition the curve moves to point E. If further heat flux is increased it may lead to
material degradation. When heat flux is decreased, film boiling continues till point D and then
wall superheat decreases drastically at the same heat flux, returning to the nucleate boiling
regime. The transition boiling regime is absent for power controlled type heating.
For temperature controlled heating, after CHF is reached, the heat flux decreases with
increase in temperature as more and more vapor covers the surface. If temperature is increased
the curve reaches to point D, further increase in temperature will increase the heat flux to point
E. While decrease in temperature will follow the same pattern as power controlled heating back
to nucleate boiling regime.
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1.2 Bubble Nucleation
For bubble nucleation to occur the temperature of the heated surface must be greater than the
saturation temperature of the liquid. On the heater surface the cavities present with entrapped
vapor will cause nucleation to occur. Hence the effect of surface finish on pool boiling curve is
significant as having more number of cavities will help in nucleation. The vapor pressure inside
the bubble is given by equation

pv > pl

pl
pv

Liquid

vapor
Surface
Cavity

Figure 1.2 Bubble nucleation criteria
Hence from the above equation as the vapor pressure depends on the bubble radius, the
surface must have a wall superheat for bubble nucleation to take place. Figure 1.2 shows bubble
nucleation from a cavity
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The onset of nucleate boiling is determined by the range of cavities present on the heated
surface. Hsu and Graham [3] and Hsu [4] had proposed a range of cavity radii which would
nucleate at given condition. Kandlikar and Spiesman [5] nondimensionalized the nucleation
criteria proposed by Hsu, which Kandlikar et al [6] later modified it to include the effects of
contact angle. The range for cavity radii is given by:

(

)[

√

(

)

]

If the cavity radii lie within the above range then the bubble will nucleate from the given
surface. If in certain case where the surface is polished or smooth, then higher superheats may be
required to initiate nucleation on cavities. The wall superheat temperature for that case is given
by
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2. LITERATURE REVIEW

Cooling with phase change is an attractive option for heat dissipation in high powered
electronics systems. Researchers have investigated over the past three decades different passive
enhancement techniques to increase the heat transfer coefficient as well as the critical heat flux
(CHF). These enhancements not only increase the overall wetted surface area but also affects the
behavior of the nucleating bubble which provides higher heat transfer capability. Investigators
have also used different working fluids, e.g., water, refrigerants, alcohols, binary mixture and
more recently nanofluids in pool boiling systems. Lowering the system pressure to maintain a
low boiling surface temperature has also been explored with water in particular.
The literature review presented below is divided into three fluid sections. For each fluid
various enhancements were used and different conditions like pressure, subcooling, orientation
and roughness were introduced. It is easier to compare different studies of enhancement when the
working fluid is the same.

2.1 Pool Boiling with Water
Water with its known properties, availability and non-toxic nature has been widely used by
researchers for augmenting pool boiling heat transfer. McGillis and Carey [7] examined 12.7
mm × 12.7 mm horizontal surface with rectangular fins at 4 kPa and 9 kPa system pressure using
water as the fluid medium. The authors concluded that at low pressure the boiling performance
significantly decreases but the surface temperature values were within the acceptable range for
cooling electronic equipment. Figure 2.1 shows that at sub-atmospheric pressures the
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temperature limit of 85 °C can be maintained using a high saturation fluid like water. Surface
enhancement helped in increasing the boiling performance and lowering overall wall superheat.

Figure 2.3 Boiling curves for water at 4, 9 and 101 kPa with heat flux vs. wall superheat
and heat flux vs. wall temperature [7]

Pal and Joshi [8] used a microchannel meshed structure on copper at sub-atmospheric
condition with water. They performed experiments at three different pressures 9.7, 15 and 21
kPa. Stacked enhancement structures with four different geometries were used to compare with
plain boiling surface. They concluded that boiling at sub-atmospheric pressures helped in
lowering wall temperatures and high heat fluxes over 100 W/cm2 could be achieved with
enhanced surface. The authors were able to obtain a maximum heat flux of 111 W/cm 2 at wall
temperature of 83 °C. Launay et al. [9] also used a similar structure of microchanneled mesh and
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other enhancement, which included smooth, rough, carbon nanotube coated surfaces and pin
surfaces. The authors concluded that the 3D silicon microchanneled structure performed the best.
Maximum heat flux of 27 W/cm2 was obtained using PF 5060 as the fluid medium for 3D silicon
microstructure. A maximum heat transfer rate of 130 W/cm2 at a wall superheat of 75°C was
obtained with deionized water.
Cooke and Kandlikar [10,11] used open microchannel structures on copper and silicon chip
in water at atmospheric pressure. Effect of fin width, land width and channel depth was studied.
The authors proposed that the tunnels in the open microchannel acted as a liquid conduit and
allowed the water to rewet the heated surface, thus allowing the surface to dissipate more heat at
a given wall superheat and improving the critical heat flux (CHF). They obtained heat fluxes of
244 W/cm2 for a wall superheat of less than 10 °C with copper microchannel surfaces.
Sloan et al. [12] boiled water at sub-atmospheric pressure using a fine filament screenlaminate surface to increase nucleation sites. Their enhanced structure helped in reduction of
boiling incipience. The best boiling performance was noted when finest mesh and thickest
lamination was used for all pressure. The highest heat flux value obtained was 212 W/cm2 at 11
K superheat at atmospheric pressure. The authors also reported an enhancement of 22 times over
the plain surface at 0.2 atm. pressure. Chan et al. [13] performed experiments using saturated
water at low pressures (2 kPa and 9 kPa). Rectangular finned surface was used as the enhanced
surface. The authors concluded that the finned surface increased both the boiling heat transfer
coefficient and critical heat flux values. They obtained a maximum boiling heat transfer
coefficient value of 3.2 W/cm2 K and 6.0 W/cm2 K at 2 kPa and 9 kPa respectively.
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Das et al. [14] created an array of discrete nucleation sites through micro-drilled holes.
Distilled water was used as the boiling liquid. The authors observed increased rate of heat
transfer with increase in site density. In their next publication Das et al. [15] used wire EDM to
create tunnels in a copper block. These tunnels were inclined or normal to the heating surface,
had rounded, rectangular, or circular bases and were parallel or orthogonally intersecting as well.
Distilled water was used as the working fluid. Heat flux obtained was in the range of 250 kW/m2.

Figure 2.4 showing the effect of capillary wicks on wall superheats [16]
Li et al. [16,17] studied the effects of wick thickness, mesh size and volumetric porosity with
water as the fluid medium. Figure 2.2 shows that the overall wall superheat decreased
significantly compared to plain surface with the use of wicking structure.
Yao et al. [18,19] used metallic nanowires on different substrate as his enhanced structure.
Tests were conducted with de-ionized water at atmospheric pressure. The surface with the tallest
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NW (nanowire) structure (35 μm-tall SiNW) yielded a heat flux of 134 W/cm2 at 23 K wall
superheat, about 300% higher than a plain Si surface at the same wall superheat.
Different enhancement structures such as microporous coating [12,20], re-entrant cavities
[14], nanostructures [21–23] and finned surfaces [13,24] have used water as the working fluid at
different pressures to obtain high heat fluxes. Water has a high saturation temperature at
atmospheric pressure which is undesirable for two-phase cooling. High vacuum pressure (lower
than 10 kPa) is required if water is to be used as the working fluid to attain the desired low
temperatures in electronics cooling.

2.2 Pool Boiling with Fluorient Liquid
The Fluorient series by 3M has garnered a lot of attention due to their desirable properties for
electronics cooling. Mudawar and Anderson [25] investigated various enhancement techniques
on FC – 72 and FC – 87. The authors also studied the effects of system pressure, subcooling and
surface area augmentations. For cylindrical enhanced surfaces, a maximum heat flux of over 100
W/cm2 at a wall superheat 62.8 °C for saturated FC – 72 was obtained. For FC – 87, a maximum
heat flux of 89.6 W/cm2 was recorded at 50 °C wall superheat. Chang and You [26] used
aluminum brushable ceramic-M.E.K. (ABM) coating on tubular surfaces. The ABM coated
surfaces showed performance enhancement with FC – 87 and R – 123. Large decrease in
incipient wall superheat was also observed. Coursey et al. [27] used graphite foam as their
enhanced surface in FC – 72 and FC -87 at atmospheric pressure. Heat flux of around 145 W/cm2
was obtained at a wall superheat of 52 °C with FC – 87. Klett and Trammell [28] also used
graphite foams but in a slotted pattern to obtain a maximum heat flux of 150 W/ cm2 at 11 °C
18

wall superheat. Graphite foam has a thermal conductivity of up to five times higher than that of
copper, which constitutes significantly to the improved overall pool boiling performance.
FC – 72 comes from the same family as that of FC – 87 (fluorocarbon based). Besides the
difference in saturation temperature, the two fluids share similar thermophysical properties. FC –
72 has been used as the working fluid by various researchers for pool boiling. Chang and You
[29] studied the effect of coatings in saturated FC – 72 at atmospheric pressure. They observed a
significant decrease of incipient superheat with micro-porous surface. O’connor and You [30]
used painted surfaces in saturated FC – 72 to obtain low incipience superheats. Wei and Honda
[31] used square micro-pin-fin with varying geometry in FC – 72. A maximum heat flux of 84.5
W/cm2 was recorded with a subcooling of 45 °C. Wei and Honda had conducted another pool
boiling experiments to study the effects of micro-pin-fins and submicron-scale roughness on
silicon chip immersed in FC-72. Tests were performed with varying dimensions of the enhanced
structure. For a lower heat flux region, submicron-scale roughness chip performed better than
chips with micro-pin-fin. For a higher heat flux region, the opposite was observed.
Ramaswamy et al. [32] used a microchannel meshed structure similar to the one used by
Nakayama et al.[33]. The enhanced surface had an array of rectangular channels cut mutually
perpendicular on both sides on a silicon and copper substrate. FC- 72 was used as the working
fluid. The authors observed that an increase in the pore size increased the heat dissipation rate.
Decreasing the pitch size and increasing the number of channels/cm also increased the heat
transfer rates. Addition of multiple layers for increase in stack height did not yield better results.
Guglielmini et al. [34] used finned copper surface in FC – 72 as their enhanced surface.
Arrays of fins were used with different fin height and width. The test was conducted at three
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different pressure ranges. The authors concluded, increase of pressure caused the boiling curve of
finned surfaces move towards lower wall superheats. Similar enhanced surfaces were also used
by Yu and Lu [35] in their experimental investigation to study the flow patterns and pool boiling
performance. Kim et al. [36] used a microporous coated surfaces in different fluids (R – 123, FC
– 87 and water) at atmospheric pressure to experimentally study the effect of coating.
Microporous surfaces showed significant improvement in pool boiling performance with FC – 72
and R – 123 over a plain surface. Rainey et al. [37] studied the effect of pressure, subcooling and
dissolved gas on pool boiling using FC-72. Microporous square pin-finned structures were used
as surface enhancement. Experiments conducted had a pressure range from 30 kPa to 150 kPa
and a subcooling range of 0 K to 50 K. Boiling performance improved with increase in pressure
for the enhanced structure. Subcooling helped in increasing the CHF values.
You et al. [38] used two methods to obtain surface microstructures, spraying and painting.
The painted structure provided up to an 85 % reduction in boiling incipience and as high as 100
% increase in the maximum heat flux compared to a non- treated reference surface. The structure
was applied to a silicon chip with subcooled conditions in FC – 72. Maximum CHF reported was
159 W/cm2.
Arik and Bar-Cohen [39] investigated the pool boiling effects of perfluorocarbon mixtures on
silcon surfaces at high pressure. The authors used a mixture of FC-70/FC-40 at different ratio
mixtures. They obtained a peak heat flux value of 56.8 W/cm2 at 3 atm compared to 25.2 W/cm2
for pure FC-72 at same pressure.
Similar to water, different enhancement techniques have been studied to maximize heat
transfer using Fluorient liquids. In spite of the enhancement techniques proposed, the overall
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thermal performance of these liquids is still considerably lower than that for a plain surface with
water.

2.3 Pool Boiling with Alcohols
Alcohols and aqueous mixtures have also been investigated to combine the advantages of
water (excellent thermal performance) and alcohols (lower saturation temperature). Nishikawa et
al. [40] studied nucleate boiling of saturated water and ethanol on a horizontal smooth copper
surface. They observed intermittent boiling in the low heat flux region at low pressures without
any steady nucleation sites. McGillis et al [41] investigated the boiling behavior of
water/methanol and water/2-propanol at sub-atmospheric and atmospheric pressure condition.
They reported that small additions of alcohol to water helped in increasing CHF condition above
that of pure water. At sub-atmospheric pressures, the water/alcohol mixtures maintain a low wall
temperature, while reducing the large wall fluctuations that occur when pure water is used.
Kwark et al. [42] conducted a pool boiling study with water, ethanol and HFE-7100 for
nanocoated surface heaters. Water provided the maximum CHF enhancement compared to
ethanol and HFE-7100. A maximum of heat flux of 650 kW/m2 at a wall superheat of 23 °C for
ethanol (190 kPa) was obtained.
High pressure system can be used for cooling with refrigerants and alcohols having low
saturation temperature. Forrest et al. [43] used fluorinated ketone FK-649 on a horizontal
aluminum surface at pressure ranging from 1.0 bar to 4.1 bar. The authors concluded both CHF
and nucleate boiling heat transfer coefficient values increased with increasing pressure and their
values matched well with the existing correlation.
21

Pastuszko [44] recently investigated narrow tunnel structures (NTSs) in water, ethanol and R
-123 at atmospheric pressure. The NTSs consisted of surface extensions, perforated foil and
subsurface narrow tunnels. For ethanol, a maximum heat flux of 500 kW/m2 at 20 °C wall
superheat was obtained.
Flammability and low toxicity are the two biggest drawbacks of ethanol as the working fluid
for electronics cooling. However, ethanol can be used in a completely sealed vapor chamber
where the above mentioned drawbacks will not arise.

2.4 Summary – Enhancement
Passive surface enhancement throughout literature has shown improvement in pool boiling
performance. Researchers have used various enhancement techniques from finned structures,
nanotubes to porous surfaces. Finned structures (square pin array, cylindrical, fins etc.) have
shown significant improvement in the heat dissipation and CHF values for different fluid
mediums. High heat dissipation for these structures was obtained at the cost of high wall
superheats, due to which the heat transfer performance of these structures suffered.
On the other hand, porous material structured surface have shown significantly lower wall
superheats compared to their finned counterpart. Early bubble nucleation and mechanism plays a
key role in keeping a low wall superheat. The heat flux obtained from porous surfaces is
comparatively lower than finned surfaces as seen in literature. Hence the heat transfer coefficient
for these structures is also relatively low.
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Open microchannels have shown the best performance with water at atmospheric pressure in
terms of heat flux and heat transfer coefficient. The current study involves using similar
microchannel and studying its effect with different fluids.

2.5 Comparison of Fluids
Direct immersion cooling is an attractive option due to its ability to remove large amounts of
heat. Since the fluid would be in direct physical contact with the electronics it must be dielectric,
stable, non-toxic, non-flammable and have a low boiling point. Compatibility with chip,
substrate and other printed circuit board material also becomes a concern.
Table 2 Comparison of various fluid properties of water, ethanol and FC - 72

Parameter

Water

Ethanol

FC-72

Boiling point °C
(101.3kPa)

100

78

56

Latent heat of
vaporization (kJ/kg)

2300

846

85

Thermal
conductivity
(W/m°C)

0.580

0.171

0.057

Dielectric nature

No

Yes

Yes

Toxicity

None

Moderate

Very low

Flammable

No

Yes

No

Environmental
hazard

No

No

Yes
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The high saturation temperature and non-dielectric nature of water, makes it ineligible for the
use as the working fluid in a two-phase direct immersion cooling system. Water has excellent
thermal properties, non-toxic nature and its easy of availability makes it ideal for indirect cooling
application.
The fluorocarbons are considered to be suitable candidate for direct immersion cooling due
to their low boiling point, dielectric and inert nature. The overall boiling performance with
fluorocarbon will be considerably lower due to its low latent heat of vaporization. In the current
work, FC -87 is used as one of the working fluids. FC – 87 was chosen over FC – 72 due to its
lower saturation point.
Alcohols have not been thoroughly investigated due to their flammability and toxicity
concerns. In terms of pool boiling performance, alcohols have better thermal properties
compared to FC – 72/refrigerants and lower saturation temperature than water. The saturation
temperature of alcohol is still higher for electronics cooling application. Introduction of subatmospheric pressures will help in the reduction of the saturation temperature. Ethanol is chosen
as the fluid medium over methanol even though the latter has a lower saturation point at
atmospheric pressure compared to the former. The key reasoning behind the selection of ethanol
was the high toxicity of methanol.
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2.7 Objective

Open microchannels [11] have shown the highest heat transfer rate for water at atmospheric
pressure in literature. The objective of the current work is to test the effect of open microchannel
geometries with different fluid. Ethanol is chosen due to its better thermal properties than
refrigerants and lower boiling point than water, combined with its dielectric nature it can be
considered as a candidate for liquid cooling. FC – 87 is also used as the working fluid to study
the pool boiling performance. Sub-atmospheric pressures are also introduced in the study with
ethanol as the fluid medium. The below table shows the objectives of the thesis in a tabular form
Table 3 Summary of objectives

2.7 Approach
In this work, experimental investigation of pool boiling performance of microchannel surface
with two fluids at varying pressure is carried out. Ethanol and FC – 87 are chosen as the two
working fluids. The first step was the design and fabrication of a pool boiling test setup which
would handle different fluids at varying pressures. Once the fabrication was completed, testing
of microchannel surfaces with varying geometrical parameters at atmospheric pressure using
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ethanol as the working fluid was conducted. Sub-atmospheric pressures were introduced using
the same chips with ethanol as a part of the next step. Finally effects of microchannel were
studied using FC – 87 as the fluid medium at atmospheric pressures.
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3. EXPERIMENTAL WORK
3.1 Experimental Setup
A test setup was designed and fabricated to test the pool boiling performance with different
fluids at atmospheric and sub-atmospheric pressures. The test setup consisted of a stainless steel
cylindrical chamber, 100 mm in diameter, which held the working fluid over a heated chip
surface and a condenser unit. Fig 3.1 (a) shows the schematic of the pool boiling test setup.

(a)
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(b)
Figure 3.1a Pool boiling test setup (a) Schematic of the setup (b) Test setup in operation

The stainless steel chamber had two cylindrical flanges (top and bottom) which were sealed
with the help of four C-clamps. Viewing windows were provided on the two opposite sides of
the cylinder. Multiple O-rings were used to ensure the test setup remains leak-proof. On the top
flange, openings for ethanol inlet, vacuum port, thermocouple probe, and inlet and outlet
connections for the copper condenser were provided. A coiled copper tube acted as a condenser
in the system. It was connected to a constant temperature circulating water bath, which provided
water flow at the desired temperature and flow rate to the copper condenser. A pressure gauge
was installed for pressure measurement inside the chamber.
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Figure 3.2b O-ring and C-clamp used for sealing the test setup

On the bottom flange, an opening for the auxiliary heater was provided. A 120 VDC, 200 W
auxiliary heater was utilized to maintain the ethanol at saturation temperature. A Garolite chip
holder was fabricated to hold the copper test section on the bottom flange by threaded bolts.
Garolite was used due to its lower thermal conductivity (0.27 W/m K) and ability to withstand
high temperatures (335° F). A 15-mm square opening was made in the bottom of the chip holder
for the heater assembly to contact the test section with a thin layer of thermally conducting paste
in between the two contacting surfaces.
A 120 VDC, 450 W capacity cartridge heater was fitted into a copper rod to provide heat flux
to the test chips, as shown in Fig. 3.1c. Copper chip was machined to have a 10 mm × 10 mm top
surface with a 2 mm × 2mm machined groove on the underside of the test section. This was done
to promote one-dimensional heat transfer from the copper rod to the test section surface and
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reduce heat losses. The copper rod was also wrapped in a high temperature ceramic insulating
sleeve to avoid heat losses and to aid in one- dimensional heat transfer. Three K-type
thermocouples spaced 8 mm apart on the copper block are used to measure the temperature
gradient, which was used in calculating the heat flux. The copper rod

Figure 3.3c Schematic of the heater assembly

The heat flux at the test section is calculated using 1-D conduction equation:

where the temperature gradient dt/dx is calculated using the three-point backward Taylor’s series
approximation:

30

A National Instruments cDaq-9172 data acquisition system with NI-9213 temperature
module was used to record the temperature. A LabVIEW® virtual instrument (VI) displayed and
calculated temperature and heat flux.

3.2 Test Section
The enhanced surface structure used in this study is shown in Fig 3.2. The test sections
consist of 20 mm × 20 mm flat copper chips of 3 mm thickness. On the heater side it has a 10
mm × 10 mm × 2 mm groove all around to reduce the heat losses similar to the plain copper chip
as described earlier. A 700 µm hole was drilled on the side of the chip to reach the chip center. A
fourth K-type thermocouple was inserted from the underside of the chip in this hole for accurate
measurement of the wall temperature. The wall temperature was calculated using the heat flux
obtained from equation (1) and is given by:

(

)
10 mm

10 mm

20 mm

20 mm
Figure 3.4 Copper test section with microchannels
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Microchannel geometry was selected as the enhanced structure due to its high performance
with water as reported in literature [11]. Microchannels were machined over a central area of 10
mm × 10 mm on the boiling side of the chip using a CNC mill. The dimensions of the machined
microchannels were measured using a confocal laser scanning microscope to ensure accuracy
and are given in Table 3. Average roughness values obtained using the microscope are: plain
surface - 0.14 µm, top surface of the microchanneled surface - from 0.8 µm to 3.8 µm, and
bottom surface of the microchannel - from 0.6 µm to 3.2 µm. Effects of various geometric
parameters like channel depth and channel width on the boiling performance at different
pressures was the focus of the current work.

Table 4. Copper chip test matrix

Chip.
No.
Plain
1
2
3
4
5
6

Channel Channel Fin
Depth
Width width
(µm)

(µm)

Area
# of
augmentation
Channels
factor
(µm)

0
456
470
410
245
345
417

N/A
207
194
406
396
392
403

N/A
193
402
195
200
202
396
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0
25
17
17
17
17
13

1
3.28
2.61
2.41
1.85
2.18
2.12

3.3 Uncertainty Analysis
An uncertainty analysis was conducted similar to that presented in [45] for a similar
experimental setup. In general, the total uncertainty comprises of bias errors and precision errors.
Bias error is the measure of systematic errors which occur with each measurement and the
precision error is a measure of the random errors. The total error can be expressed as:

√

All thermocouples were calibrated using a thermocouple calibrator at five different
temperature points. The precision error was determined by using statistical analysis. An
uncertainty of 0.2 °C was determined for temperature measurement taking into consideration the
calibration accuracy and precision. The thermocouple showed the maximum uncertainty for the
current work; other uncertainty included thermal conductivity of copper, thickness of the chip
and spacing between each thermocouple on the copper rod. These were determined by the
resolution of the equipment used to measure them. Uncertainties in heat flux and surface
temperature were calculated through error propagation analysis. Error propagation can be given
by:

√∑ (

)

where Up is the uncertainty in the parameter p and uai is the uncertainty of the measured
parameter ai. The value for thermal conductivity changes with increase in temperature, the
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current value is found in the lookup table, the true value of thermal conductivity is subject to
change.
Table 5. Uncertainty Parameters

Parameter

Value

Units

Up

Value

%
Uncertainty

kCu

391

W/m-K

Uk,Cu

9

2.2

LCu

0.003

m

UL,Cu

0.00025

8.3

∆x

0.008

m

U∆x

0.0001

1.3

T1

Varies

°C

UT1

0.11

N/A

T2

Varies

°C

UT2

0.15

N/A

T3

Varies

°C

UT3

0.075

N/A

In case of heat flux, the uncertainty would be the sum of all the components used to calculate it.

√[(

)

(

)

(

)

(

)

(

) ]

At low heat fluxes, 10% uncertainty was estimated in heat flux and 0.2 °C in wall superheat.
At higher heat fluxes, the uncertainty was reduced and was found to be 7%.
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300

46 W/cm2

275
y = 4838.5x + 222.79
R² = 0.9999

Temperature (°C)

250

81 W/cm2
120 W/cm2
177 W/cm2

225
y = 3197.8x + 191.03
R² = 0.9998

200
175

y = 1938.8x + 160.59
R² = 0.9976

150

y = 1000x + 133.33
R² = 0.9948

125
100
0

0.005
0.01
0.015
Distance between thermocouples (m)

0.02

Figure 3.5.1 Temperature measurements along copper tip for thermocouples 1, 2, and 3 at
different heat fluxes

Heat loss study was conducted in order to ensure one dimensional heat transfer from the
copper rod to the chip. According to the Fourier’s heat law of conduction, the temperature profile
along the given direction should be linear. Figure 3.3 shows the temperature profile of the
thermocouples in the copper rod at different heat fluxes. The profile at different heat fluxes
shows a linear progression along the length of the copper. Thus showing there is minimal or no
heat loss from the sides of the copper rod. The copper rod is wrapped with a high temperature
ceramic insulating sleeve.
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A 2D numerical simulation was performed to approximate the heat loss on the system. The
parameter used to simulate the heat loss study consisted of a copper chip with a conduction
coefficient of 391 W/m°C, sitting on top of a stainless steel base with a conductive coefficient of
16.2 W/m°C, with a Garalite block on the top of the chip and the stainless steel base which acts
as a thermal insulation. Natural convection was assumed on the boundaries expose to the room
conditions, with a convective coefficient

of 10 W/m2C. A constant wall temperature was assumed on the chip wall (T wall), and the
stainless steel boundary expose to saturation conditions (Tsat). The boundaries exposed to the
Garalite block were assumed to be insulated. A parametric study for different Twall were
conducted for Tsat= 38°C, 52°C, 68°C, and 78°C. The final values for heat flux shown in the
result sections is adjusted accordingly
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Figure 3.5.2 Total heat loss for ethanol at atmospheric pressure

3.4 Data Acquisition
The temperature values are obtained from the three K-type thermocouples present in the
copper rod which are connected through the NI-9213 temperature module. Temperature of the
fluid is recorded with the help of a k-type thermocouple probe which is fitted into the top flange.
The temperature module is connected to the computer via NI-cDaq-9172 USB chassis.
Read and record

37

Temperature
measurement

Figure 3.6 LabVIEW front panel

Front panel of the LabVIEW VI programmed developed is shown in Figure 3.4. A LabVIEW
program was made to read the temperature reading from the thermocouples. The processed data
is written on to an excel file. Pressure is maintained constant with the help of a copper condenser
which is connected to a constant temperature water bath. Data is recorded only when the
temperature reaches steady state for a given pressure. Steady state is reached when the values do
not fluctuate more than ±0.1°C over a period of 10 minutes.

3.5 Experimental Procedure for Ethanol Testing
Leak-proof testing was done by reducing the system pressure to 10 kPa abs and checking for
any changes over a 24 hour period. Less than 1 kPa pressure loss was observed over the given
period. Ethanol was introduced into the cylinder body through the charging system. The system
was first charged via the vacuum port (30 kPa vacuum). After the vacuum port valve was closed,
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ethanol inlet valve was opened to allow the liquid to come in the system. Ethanol level in the
boiling chamber was adjusted at 50 mm. The auxiliary heater and the cartridge heater were then
powered on, each with its own independent power supply. Ethanol was degassed in the chamber
for a period of 20 minutes to remove any dissolved gases. Vacuum was again introduced to
remove the dissolved gases from the system. Once the pressure inside the system becomes closer
to the atmospheric pressure, condenser was started by circulating water from the constant
temperature circulation bath.
The pressure inside the closed system was maintained at atmospheric through the use of the
condenser by adjusting the temperature and the flow rate of the constant temperature water bath
and the power supplied to the auxiliary heater. The power supplied to the auxiliary heater also
helped in controlling the sytem pressure to some extent.
Thermal paste was applied on the tip of the copper heater to decrease the contact resistance
between the copper chip and the heater. A very low contact resistance was obtained; however it
was not relevant as the actual chip temperature was measured by installing a fourth thermocouple
Tc directly in the chip surface. The contact resistance value was back calculated and was found to
be approximately 8 × 10^-6 m2°C/W.
The power was increased in a stepwise fashion once the liquid in the system has reached
saturation. Readings were taken at each step when the system had reached steady state where the
thermocouples do not fluctuate by ±0.1°C for over period of 10 minutes.
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4. POOL BOILING PERFORMANCE OF ETHANOL AT
ATMOSPHERIC PRESSURE

The results are presented in the form of boiling curves showing heat flux as a function of the
wall superheat. The heat flux is calculated using the projected area of the heater surface (which is
100 mm2 for all chips tested). The wall superheat is defined as the difference in the wall
temperature of the chip surface exposed to the liquid and the saturation temperature of the liquid
at the system pressure. The wall temperature for the current study was calculated as the
temperature of the top surface of each microchannel chip. The experiments are carried out to the
highest safe operating heat fluxes, approximately 10 % below the corresponding CHF values as
observed during experiments. The six microchannel chips described in Table 3 are
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experimentally investigated to study the effect of geometrical parameters on the heat transfer
performance at atmospheric pressure.

4.1 Plain Surface Testing
Plain surface chip at atmospheric pressure were tested to compare the performance of ethanol
and FC-87 as the working fluids. Figure 4.1 shows the boiling curves for ethanol and FC – 87 on
a plain surface chip. Boiling overshoot of 25 °C was observed for ethanol and a maximum heat
flux of 600 kW/m2 at a wall superheat of 22 °C was recorded. For FC – 87, the boiling overshoot
observed was not as prominent as with ethanol and a maximum heat flux of 350 kW/m2 at wall
superheat of 31 °C was obtained. Figure 4.1 also shows the error bars for both heat flux and wall
superheat obtained through the uncertainty analysis shown earlier. At low heat fluxes and low
wall superheats, the error bars are not visible in the plot due to their small values compared to
symbol sizes displayed in the graph. The error bars in the subsequent plots are therefore omitted.
An important factor to be noted is the difference in the actual wall temperatures of the chip
with these two fluids. The wall temperature is obtained by adding the wall superheat value at any
given point on the plot to the corresponding saturation temperature of the fluid. For ethanol, the
wall temperature is 99 °C at the maximum heat flux while for FC – 87, the wall temperature is as
low as 62 °C, but the overall heat flux with ethanol is much higher as seen from Fig. 4.1.
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Figure 4.1 Boiling curve of plain chip using ethanol and FC - 87 as fluid medium.

4.2 Microchannel Surface Testing
The boiling performance of the tested microchannel copper chips is shown in Fig. 4.2a.
Boiling overshoot was observed in all microchannel chips tested. Chip 1 dissipated a maximum
heat flux of 1.1 MW/m2 at atmospheric pressure with a wall superheat of 17 °C. Chip 2 did
obtain a higher heat flux but the overall wall superheat was also higher. A maximum heat flux of
450 kW/m2 at a wall superheat of 22 °C was obtained for plain chip. The boiling curves for the
rest of the rest of the chips fell in between the chip 1 and plain chip. The performance of the
plain chip was the poorest compared to all the enhanced chips. All tested chips follow a similar
boiling curve pattern in which natural convection is the dominant mode of heat transfer initially
at lower heat fluxes. After the onset of nucleate boiling, the surface temperature increased and
more nucleation sites were activated causing more heat to be dissipated. The experiments were
stopped when the maximum wall superheat started to increase rapidly, approximately at a wall
superheat of 20 °C.
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Figure 4.2a Boiling curves of microchannel enhanced surface chips for ethanol at
atmospheric pressure.
Figure 4.2b shows the corresponding heat transfer coefficient values plotted against the wall
superheat comparing different microchannel chips with the plain chip at atmospheric pressure.
Thermal performance of a surface can also be compared through the heat transfer coefficient
values. As expected, all microchannel surfaces performed better than the plain surface. Data
points for all tested chips below 10 kW/m2°C represented values before the onset of nucleate
boiling (ONB). Chip 1 obtained the maximum heat transfer coefficient of 65 kW/m2°C amongst
the microchannel chips.
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Figure 4.3b Heat transfer coefficients for the tested chips at atmospheric pressure.

4.3 Effect of Geometrical Parameters
Table 5 shows the values of the surface area augmentation factor and the number of channels
present on the enhanced surface. The surface area augmentation factor is calculated to
understand the enhancement mechanism in microchannel chips. It is the ratio of wetted area to
the projected area of the heated surface. The projected surface area is constant at 100 mm2 (same
as that of plain surface). The wetted area varies depending on the geometrical parameters of the
enhanced surface. As seen from Table 5, Chip 1 has the maximum surface area augmentation
factor while chip 4 has the lowest for the enhanced surface.

Table 6 Copper chip test matrix showing the number of channels and the surface area
augmentation factor
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Surf. Area
augmentation
factor

Sr.
No.
-

Type

# of
Channels

Plain

0

1

1

Microchannel

25

3.28

2

Microchannel

17

2.61

3

Microchannel

17

2.41

4

Microchannel

17

1.85

5
6

Microchannel
Microchannel

17
13

2.18
2.12

4.3.1 Effect of channel depth

Chips 3, 4 and 5 have identical geometrical parameters except for channel width as seen in
Table 3. Chip 3 has the deepest microchannel (410 µm) compared to the shallow microchannel
(245 µm) of Chip 4. As seen from Fig. 4.3.1 effect of channel depth becomes more prominent at
higher heat fluxes, allowing it to extend critical heat flux (CHF). The area enhancement factor is
also greater for chip 3 compared to the other two chips shown in Table 5. In general, deeper
channels (> 400 µm) showed better pool boiling performance compared to shallower channels
(200 µm). A maximum heat flux of 1.1 MW/m2 at a wall superheat 22 °C was obtained for chip
3 compared to the maximum heat flux of 750 kW/m2 at 20 °C wall superheat recorded for chip 4.
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Figure 4.4.1 Boiling curves for chips 3, 4 and 5 showing the effect of channel depth.

4.3.2 Effect of channel width

Chips 1 and 3 are considered for comparison of channel width since their other parameters
are similar. Figure 4.3.2 (a) shows the boiling curve comparison between the two chips.
Significant performance difference is also observed between the two chips as seen in Fig. 4.3.2
(b). The area enhancement factor for chip 1 is considerably higher than chip 3. The narrow
channels showed superior performance compared to their wider counterparts as seen from Fig.
4.3.2 (a) and (b). Chip 1 obtained a maximum heat transfer coefficient of 65 kW/m2°C compared
to the maximum heat transfer coefficient of 45 kW/m2°C recorded for chip 3. Chips 2 and 6 also
have similar geometrical parameters except for channel width. Chip 2 obtained a maximum heat
flux of 1.14 MW/m2 at 20 °C wall superheat compared to a maximum heat flux of 810 kW/m2 at
21 °C. Chips 1 and 2 with their narrow channel width performed better than the other
microchannel chips as seen in Fig. 4.2a and 4.2b.
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Figure 4.5.2 Boiling curves for chips 1 and 3 after ONB showing the effect of channel width
(a) Heat flux vs. wall superheat (b) Heat transfer coefficient vs. wall superheat

Figure 4.6.3 Boiling curves for chips 3 and 6 after ONB showing the effect of fin width
(a) Heat flux vs. wall superheat (b) Heat transfer coefficient vs. wall superheat
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4.3.3 Effect of fin width

Chips 3 and 6 are compared for understanding the effect of fin width. Chip 3 recorded a
maximum heat flux of 1.1 MW/m2 compared to the 810 kW/m2 obtained for chip 6 at similar
wall superheat. The performance difference between the two chips as seen in Fig. 4.3.3 (a) and
(b) is not as prominent compared to the one seen in Fig. 4.3.2 (a) and (b). The overall
performance of the narrow fin width was better than wider one. Similar conclusions are obtained
when chips 1 and 2 are compared. McGillis et al. [7] also observed small fin gaps to be more
effective for water.

4.4 Preliminary conclusion
Over 1 MW/m2 (100 W/cm2) of heat can be dissipated with the microchannel surface (chip 1)
while maintaining a low wall superheat of 17 °C for ethanol. Chip 1 with a channel width of 207
µm, channel depth of 456 µm and fin width of 193 µm performed the best among the group. The
wall temperature for chip 1 obtained was 95.5 °C which was well over the threshold limit of 85
°C for electronics. Hence decrease in saturation temperature of the fluid through reduction in
pressure would in turn cause decrease in the wall temperature of the surface.
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5. ETHANOL TESTING AT SUB-ATMOSPHERIC PRESSURES
Two important parameters in the cooling system design for electronics are the maximum heat
flux dissipated at the surface and the highest wall temperature, which is limited by the allowable
junction temperature of the electronic device. These parameters are addressed in the following
sections. Table 6 shows the four different saturation pressures and corresponding saturation
temperatures employed during testing. A lower saturation temperature is desirable for removing
heat effectively from the chip, but the corresponding saturation pressure decreases considerably.
The testing is aimed at identifying the combined effect of lower saturation temperature and
corresponding heat transfer performance.
Table 7 System pressure and corresponding saturation temperatures for ethanol employed
in experiments
Pressure (kPa) 101.3 66.7

33.3

16.7

Saturation
temperature
(°C)

52.5

38.2

78.3

68.3

Same test section (six open microchannel surfaces and one plain surface) used in the previous
study are utilized in this one. Initially, pool boiling experiments are conducted with ethanol over
a range of saturation temperature. Further testing is carried out with six microchannel chips as
described in Table 3. Effect of pressure and geometrical parameters are experimentally
investigated.
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5.1 Plain Surface Chips with Ethanol at Different Pressures
Plain surface chips were tested to establish the baseline results with ethanol at different
pressures. Figure 5.1 shows the pool boiling performance of the plain chip at 101.3 kPa, 66.6
kPa, 33.3 kPa and 16.7 kPa. Temperature overshoot is observed for all four pressures. At 101
kPa, a maximum heat flux of 450 kW/m2 at a wall superheat of 22 °C was observed. The overall
boiling performance deteriorated with decrease in pressure. At 16.67 kPa, a maximum heat flux
of 460 kW/m2 was recorded at a wall superheat of 42 °C. The results indicated that the
performance degraded further at lower pressures of 33 kPa and 16.67 kPa.

Figure 5.1 Boiling curves of plain chip for ethanol for pressures of 101.3 kPa, 66.7 kPa, 33.3
kPa and 16.7 kPa
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5.2 Microchannel Surface Testing at Different Pressures
The boiling performance plots for the six microchannel copper chips, chip 1 to chip 6 listed
in Table 1, at four different pressures are shown in Figs. 5.2 (a) - (d). Boiling overshoot was
observed in all microchannel chips tested. At low heat fluxes, below 150 kW/m2, boiling curves
were quite similar for all chips under the four pressure conditions. This is reasonable as the chips
performance is quite low under the natural convection conditions, and small differences among
the performance cannot be clearly seen on the plot.
For chip 1 shown in Fig. 5.2 (a), a maximum heat flux of 1.1 MW/m2 was noted at
atmospheric pressure with a wall superheat of 17 °C. After onset of nucleate boiling, a linear
increase in heat flux with wall superheat was observed. At lower pressures, as seen with the plain
surface chip, pool boiling performance decreased correspondingly. For chip 2 a maximum heat
flux of 1.14 MW/m2 at 20 °C wall superheat was recorded as shown in Fig. 5.2 (b). At 101.3 kPa
and 66.7 kPa, the boiling curves followed an almost vertical trajectory for chip 2, while at lower
pressures, heat flux increased linearly with the wall superheat. Chips 3, 4, 5 and 6 show a similar
linearly increasing boiling curve as that for chip 1 at all pressures. The boiling performance of all
microchannel chips decreased with a reduction in pressure similar to that of a plain surface chip.
This behavior is consistent with the trends observed in literature [7, 10, 15, 35] for low pressure
testing.
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Figure 5.2 Boiling curves of microchannel enhanced surfaces chip for ethanol at different
pressures
(a) Chip 1 (b) Chip 2 (c) Chip 3 (d) Chip 4 (e) Chip 5 (f) Chip 6
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5.3 Discussions
All tested chips follow a similar boiling curve pattern in which natural convection is the
dominant mode of heat transfer initially at lower heat fluxes. After the onset of nucleate boiling,
the surface temperature increased and more nucleation sites were activated causing more heat to
be dissipated. The experiments were stopped when the maximum wall superheat started to
increase rapidly, approximately at a wall superheat of 20 °C for atmospheric pressure testing. For
low pressure testing a surface temperature of 85 °C was set as the upper bound.

5.3.1 Effect of pressure
It is well established that the pool boiling performance deteriorates with a decrease in
pressure. Figure 5.2 shows the effect of pressure for different chips, the boiling curve shifts
towards right causing the wall superheat to increase at a given heat flux, which in turn increases
the surface temperature with increasing heat flux. However, the saturation temperature decreases
with a reduction in pressure. The combined effect of these factors is more relevant as the actual
wall temperature is of greater interest in electronics cooling than the wall superheat value.
Table 7 shows various maximum heat flux and wall temperatures (in bold) obtained for the
plain and four microchannel chips at four different pressures. At lower pressures, saturation
temperature decreases as seen from Table 6 which in turn causes the surface temperature to
decrease at a given wall superheat.
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Table 8 Comparison of a plain and four microchannel copper chips at atmospheric and
three sub-atmospheric pressures showing the maximum heat flux dissipated and the
corresponding wall temperature at the top surface of the chip
Plain

q″ (max heat flux) W/cm2, (Wall temperature °C)
Chip 1
Chip 2
Chip 3
Chip 4
Chip 5

Chip 6

101.3
kPa

45.75,
(100.3)

107.89,
(95.0)

113.30,
(98.4)

107.02,
(101.6)

73.81,
(98.0)

83.82,
(100.9)

81.10,
(99.43)

66.7 kPa

60.97,
(95.1)

92.55,
(88.4)

98.55,
(90.8)

90.92,
(96.4)

58.86,
(88.0)

84.59,
(94.9)

64.41,
(89.7)

33.3 kPa

50.02,
(87.5)

90.04,
(84.1)

78.25,
(80.4)

72.48,
(82.6)

53.57,
(81.1)

80.22,
(85.1)

60.68,
(80.8)

16.7 kPa

46.11,
(80.5)

72.65,
(73.1)

69.23,
(68.4)

65.95,
(79.2)

34.08,
(73.4)

69.12,
(73.2)

51.55,
(71.6)

Pressure

As seen from Table 7, at the low pressures of 33.3 kPa and 16. 7 kPa, the surface
temperatures are below the threshold temperature value of 85 °C (shown as underlined values)
for all microchannel chips. Chip 1 has the highest heat dissipation rate among all the chips.
Figure 5.3.1 shows the pool boiling performance after ONB at the four pressures for chip 1.
The heat flux is plotted as a function of the chip surface temperature. A limiting temperature of
85 °C is set as the upper limit for safe operation of the actual IC chip. It is seen that heat flux
dissipation of 900 kW/m2 is achieved with this chip while maintaining the surface temperature
below 85 °C with ethanol at a pressure of 33.3 kPa. Further refinements to the pressure can be
made to account for additional thermal resistances in the thermal path encountered while using
the actual junction temperature as the limiting criterion.
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Figure 5.3.1 Boiling curve after ONB for chip 1 for pressures of 101.3 kPa, 66.7 kPa, 33.3
kPa and 16.7 kPa plotted with heat flux as a function of chip surface temperature

5.3.2 Effect of channel width
Comparing the geometrical parameters listed in Table 3, chips 1 and 3 have identical
geometrical parameters except for the channel width. Figure 5.3.2 shows heat transfer coefficient
against wall superheat for these chips at 101.3 kPa and 66.7 kPa. Chip 1 with narrow channels
(207 µm) showed superior performance compared to the wider channels (406 µm) of chip 3.
Data for only two system pressures were shown to avoid overcrowding of data points on the
graph. Narrow channels performed better at all four pressures. Chip 2 also performed better than
chip 3 due to the effect of narrow width. McGills and Carey [7] also observed small fin gaps to
be more effective at low pressures for water.
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Figure 5.3.2 Heat transfer coefficients for chip 1 and chip 3 at 101.3 kPa and 66.7 kPa

5.3.3 Effect of channel depth
In general, deeper channels (> 400 µm) showed better pool boiling performance compared to
shallower channels (200 µm). As seen in Fig. 4.2a, chip 4 showed the lowest performance
compared to all the other microchannel chips due to its least depth and wide channels. Chips 3
and 4 have different depths but similar channel widths and fin widths. The maximum heat flux
dissipated by chip 4 is 710 kW/m2 as seen in Fig. 5.2 (d) while chip 3 dissipated significantly
higher heat flux of 1.1 MW/m2. The maximum heat transfer coefficient value obtained is also
smaller compared to chip 3. Figure 4.2b shows chip 4 following a similar curve to chip 3. The
difference being the maximum value of heat transfer coefficient obtained for chip 4 is 44
kW/m2°C while for chip 3 it is 52 kW/ m2°C. Chips 1 and 2 have an overall superior
performance to chip 3 even though they have similar depths. This is due to the narrow channel
widths of chips 1 and 2 compared to the wider channel width of chip 3.
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Chips 1 and 2 have similar channel widths and depths but different fin widths. Chip 1 with
narrow fin width (193 µm) does perform better than chip 2 (407 µm) with wider width as seen in
Fig. 4.2b. The overall difference between the performances of the chips is reduced considerably
at low pressures. The narrower fin width helps in providing greater number of channels in 10 mm
× 10 mm area which in turn helps in increasing the overall surface augmentation factor.

5.4 Comparison with Theoretical Model
Heat transfer in nucleate boiling has been predicted by many researchers. Rohsenow [46]
correlation with three empirical constant, has been widely accepted in literature. In the current
work, Rohsenow correlation is not used to compare the reults obtained for plain surface.
Experimental constant, Csf and n, are unavailable for ethanol on copper surface. The Rohsenow
correlation also does not take into account the contact angle parameter and surface conditions.
Stephan and Abdelsalam [47] developed a correlation for nucleate boiling of various fluids. They
divided their correlation into four groups of liquid: water, hydrocarbons, cryogenic liquids and
refrigerants. Hydrocarbon correlation is used for the current study. Contact angle for ethanol on a
plain copper surface is shown in Fig. 5.4a.
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Figure 5.4a Image through a high speed camera of ethanol droplet on copper surface
showing contact angle.

The organic fluid correlation [47] is given as:

[(

)

(

)]

(

)

(

)

where aL is the liquid thermal diffusivity and Tsat is the saturation temperature of the fluid used.
Nusselt number and departure bubble diameter can be calculated using the following equations:

(
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(

)
)

where β is the contact angle of the fluid, αL is the heat transfer coefficient and kL is the liquid
thermal conductivity.
The contact angle is taken as 5.4° for the above calculations. The remaining values can be
obtained from the values material safety data sheet for ethanol. Heat flux values that are put in
the equation are those obtained from plain surface testing and its corresponding heat transfer
coefficient values are compared. Figure 5.4b shows the comparison of experimental data with the
Stephan-Abdelsalam correlation. The experimental values matches well with the predicted
correlation with an absolute error of less than 50 %. The absolute error is calculated by the given
equation:

Figure 5.5b Comparison of experimental values of plain surface with Stephan-Abdelsalam
correlation
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where E% is the percentage absolute error and hpredicted is the values obtained from the
correlation.
The second data point shows an error of greater than 50 % while the rest of the data points
are well within the 50% error range. The error difference observed with the correlation is not
uncommon in pool boiling testing. The above correlation has been observed to have an error of
35% in literature. The correlation is not ethanol centric and does not specific the type of surface
used. Hence an error is expected between the experimental data and the correlation values.
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6. POOL BOILING PERFORMANCE OF FC – 87 AT ATMOSPHERIC
PRESSURE
6.1 Experimental Procedure
The copper chip was fitted into place with the Garolite chip holder on the bottom flange. The
copper heater was brought in touch with the copper chip with the help of a mechanical stand.
Thermal paste was applied on the top surface of the copper heater to reduce the thermal contact
resistance between the tip and the copper chip. Since the chip temperature was measured with the
help of Tc, contact resistance was not relevant. The value of contact resistance was back
calculated and found to be 8 X 10-6 m2 K/W. However, this value is not used in any calculations
as a thermocouple inserted in the chip was used to measure the chip temperature close the boiling
surface.
Liquid FC – 87 was directly introduced through the fluid inlet opening. Vacuum port which
was used previously for introduction of fluid is not used due to the low saturation temperature of
FC – 87. The liquid volume in the boiling chamber is adjusted to be at a level slightly above the
auxiliary heater. The auxiliary heater and the copper heater were powered on to allow degassing
of the fluid. During degassing the system pressure was maintained at atmospheric pressure with
the help of condenser. Inlet valve was opened partially for 10 seconds to allow the air to escape.
The constant temperature water bath which was connected to the condenser was turned on and
the temperature and flow rate were adjusted to maintain the required system pressure.
Once the experiment was started, the voltage was increased in a step-wise fashion. At each
step the readings of the five thermocouples were recorded. Steady state was determined when the
thermocouples did not fluctuate more than ±0.1°C over a period of 10 minutes. The experiments
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were stopped before reaching critical heat flux (CHF) by noting the slope of the temperature rise
curve.

6.2 Plain and Microchannel Surface testing
Experiments were performed on the seven copper chips listed in Table 3. For all tests, the
pressure in the chamber was kept at 1 atm. The results of seven copper chips; one plain and six
microchannels tested in FC – 87 at atmospheric pressure are presented in this section. Effects of
the geometrical parameters of microchannel and comparison with other enhanced surfaces from
literature are also discussed.
The graph shown in Fig. 6.1 shows a boiling curve with heat flux on the y axis and wall
superheat on the x axis. The heat flux is calculated using equation 1 where the projected area of
the heater surface (100 mm2) is considered for all tested chips. Wall superheat is defined as the
difference in the wall temperature exposed to the working fluid and the saturation temperature of
the working fluid. Similar to the previous study with ethanol, wall temperature was calculated at
the top surface of the microchannel. Plain chip was tested first and a maximum heat flux of 350
kW/m2 at 31°C wall superheat was recorded. Slight boiling overshoot was observed in the range
of 15 °C - 20 °C wall superheat. Low pool boiling performance of FC – 87 compared to ethanol
is due to its thermal properties as seen in Fig. 4.1.

62

Figure 6.1 Boiling curves of microchannel enhanced surface chips for FC - 87 at
atmospheric pressure.
Chips 1, 2 and 3 dissipated a maximum heat flux of around 550 kW/m2 with a wall superheat
of 37 °C, while chips 5 and 6 recorded a maximum heat flux of around 510 kW/m2 at 40 °C wall
superheat. Chip 4 showed the poorest performance compared to the other microchannel chips.
Expectedly, plain chip performed the worst compared to all the microchannel chips. Very small
boiling overshoot was observed for all microchannel chips. All tested chips followed a similar
boiling curve pattern in which at lower heat fluxes, natural convection was the dominant mode of
heat transfer. As the surface temperature increased and more nucleation cavities were activated
causing more heat to be dissipated. Effect of geometries from the above graph is not clearly
understood, since most of the performance of the microchannel are similar.
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Figure 6.2 Heat transfer coefficient of all tested chips for FC - 87 at atmospheric pressure.

Figure 6.2 shows the heat transfer coefficient plotted against the wall superheat of different
chips at atmospheric pressure. Similar to Fig. 6.1, plain chip performance was the poorest
compared to the other chips. Chip 1 obtained a maximum heat transfer coefficient of 17.5 kW/
m2°C at 20 °C wall superheat. The maximum heat transfer coefficient was observed in the 20 °C
– 30 °C wall superheat range for all tested chips. This region is where fully developed nucleate
boiling takes place. For wall superheat range between 30°C – 40 °C, the heat transfer coefficient
values remain constant and then taper off as the CHF is approached. Effect of geometries is seen
more clearly from Fig. 6.2 than 6.1. Chips 1 and 2 show the best performance while the rest of
the chips fall between them and the plain chip.
The wall temperature, which represents the sum of the wall superheat and the saturation
temperature at a given pressure, for FC – 87, is well below the threshold temperature limit for
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electronics. Chip 1 obtained a maximum heat flux of 550 kW/m2 at a wall temperature of 67 °C.
Hence due to the lower saturation temperature of FC - 87, although the overall values of wall
superheat are much higher when compared with other fluids such as water and ethanol, the
surface temperature are still within the acceptable limits for electronics cooling application.

6.3 Performance Comparison Based on Actual Surface Area
An insight into the mechanism responsible for heat transfer enhancement may be obtained by
comparing the chip performance based on the actual heat transfer surface area. The effect of the
surface area is also more clearly understood when the heat flux is normalized by the actual area
as seen in Fig. 6.3a. The graph shows heat flux calculated using the actual area as opposed to the
projected area seen in Fig. 6.1. Figure 6.3a shows the boiling curves for all the microchannel
chips fall below the plain chip curve.

Figure 6.3a Boiling curve for the tested chips with heat flux normalized by the actual
surface area
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The surface area increase is thus seen as the dominant factor behind the improved
performance of the microchannel for FC -87. Actual heat transfer mechanism seems to be
adversely affected for these microchannel chips.
For water, Cooke and Kandlikar [12] had shown that enhancement was mainly due to an
improvement in the mechanism, and the surface area was not the major factor in the enhanced
performance of the microchannel. Figure 6.3b shows the boiling curves obtained by Cooke and
Kandlikar using actual surface area with one plain and ten microchannel chips with water at
atmospheric pressure. They observed that the microchannel acted as liquid conduit and allowed
water to rewet the surface at higher heat fluxes.

Figure 6.3b Boiling curves from Cooke and Kandlikar [12] with heat flux normalized
by the actual surface area.
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This heat transfer mechanism was seen as the reason for improved pool boiling performance
with microchannels for water, while the enhancement in the case of FC-87 was mainly due to
area increase, at a slight expense of the mechanism itself.
Similar observation of increase in surface area for improved boiling performance with FC –
87 has been observed in literature. The CHF value of 89.8 W/cm2 at 50 °C wall superheat with
FC – 87 was recorded by Mudawar and Anderson [25] using a four pin surface as seen in Fig.
6.3c. The authors were able to dissipate high heat fluxes due to the overall increase in the surface
area compared to the plain surface.

Figure 6.3c Boiling curves of four pin surface for FC – 72 and FC – 87 at atmospheric
pressure [1].
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Large wall superheats have been observed throughout in literature when testing with
Fluorient series fluids. Chang and You [29] used micro-porous coated surface as their
enhanced structure with FC – 87 and R -123. The overall wall superheat decreased drastically
as seen in Fig. 6.3d. The authors used ABM coating on tubular surface to show the effect of
micro-porous coating.

Figure 6.3d Boiling curves of microporous coated and plain tube for R123 and FC – 87
at atmospheric pressure [2].
The maximum heat flux by microporous enhanced coating surface was 150 kW/m2 at a low
wall superheat of 11 °C. The overall heat dissipation obtained through this surface was
significantly lower compared to other enhancements.
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6.4 Finned Surface
A finned surface having a surface area augmentation factor of 12.5 was fabricated as seen
from the Fig 6.4a. The outer dimensions of the chip were the same as the microchannel ones, 20
mm × 20 mm × 3 mm. The dimensions of the fins are given in table below. Pool boiling test was
conducted on this surface and the result was compared with the previously obtained
microchannel surface. Further comparison with literature for the same fluid was also conducted.
Table 9 Dimensions of copper finned surface

Sr.
No.
Plain
Finned

Channel Channel Fin
Depth
Width width
(mm)
0
8.2

(mm)
N/A
1

(mm)
N/A
0.4

Area
# of
augmentation
Channels
factor
0
7

1
12.5

Figure 6.4a Copper test section with finned structured
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Pool boiling test was conducted on this surface and the result was compared with the
previously obtained microchannel surface. Fig 6.4b shows the heat flux vs. wall superheat for
finned surfaces when compared with microchannel. A maximum heat flux of 1.25 MW/m2 was
recorded at 40 °C wall superheat. The maximum heat dissipated by finned surface is
approximately over four times as that of plain surface and twice as that of the microchannel ones.

Figure 6.4b Boiling curves of finned and microchannel surface chips for FC - 87 at
atmospheric pressure.

Figure 6.4c shows the corresponding heat transfer coefficient values plotted against the wall
superheat comparing different enhanced chips with the plain chip at atmospheric pressure.
Finned chip performed the best with a heat transfer coefficient of 30 kW/m2°C at a wall
superheat of 40 °C amongst the enhanced chips. The heat transfer coefficient obtained was three
times greater than the plain surface. Fig 6.4b and 6.4c shows that the effect of increase in surface
area is the main reason for the improved performance in heat transfer.
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Figure 6.4c Heat transfer coefficient of finned and microchannel surface chips for FC –
87 at atmospheric pressure.

The effect of increase in area enhancement is also clearly observed from the above figure.
The value obtained for pool boiling performance with FC – 87 is the highest seen in literature at
atmospheric conditions.
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6.5 Comparison with Literature

Figure 6.5 Boiling curves comparison for enhanced structure in literature with FC – 87
at atmospheric pressure
Figure 6.5 shows comparison of different enhanced structures with FC – 87 at atmospheric
pressure. Mudawar and Anderson showed high heat flux of 890 kW/m2 at a wall superheat of 53
°C with cylindrical four pin structure while Chang and You used microporous coating to obtain a
heat flux of 200 kW/m2 at 18 °C wall superheat with FC – 87. Increase in surface area was
determined as the key factor for improvement in high heat flux through microchannel testing
study. Finned structure gave a heat flux 1.25 MW/m2 at 40 °C wall superheat. The heat flux
obtained value is highest seen in literature for FC – 87 at atmospheric pressure.

72

6.6 Comparison of Ethanol and FC – 87 at Atmospheric Pressures
Ethanol and FC – 87 at atmospheric pressure for microchannel surface with varying
geometry is compared. Table 2 shows the difference in thermal properties of the two fluids.
Expectedly, ethanol performs better with plain and microchannel surfaces compared to FC – 87
with same surfaces. Similar to FC – 87 the performance of ethanol is dominated by the effect of
surface area.

Figure 6.6 Boiling curve for the tested chips with heat flux normalized by the actual surface
area with ethanol.

Figure 6.6 shows the boiling performance with ethanol at atmospheric pressure with heat
flux normalized by the surface area. Plain chip provides the maximum heat flux of 600 kW/m2
with 22 °C wall superheat. Comparing Fig. 6.6 with Fig. 6.4c where the heat flux is calculated
using the projected area, it is seen that increase in surface area is the key reason in the high heat
flux values. The overall wall superheat for microchannel surfaces is observed to be lower
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compared to the plain surface. The microchannel do help in a slight reduction of temperature
overshoot, further analysis need to be conducted to remove the overshoot altogether. Addition of
surfactants has shown to reduce temperature overshoot in some works [48] in literature.
Similar to ethanol, FC – 87 also showed dependence on surface area for improved boiling
performance as seen in Fig. 6.3a. Water unlike ethanol and FC – 87, showed the effect of
mechanism as the dominant mode of heat transfer not surface area. The overall thermal
properties of water are far superior when compared to the other two fluids.
The values obtained for ethanol at atmospheric conditions is the highest seen in published
work for ethanol at atmospheric conditions. Study of ethanol at sub-atmospheric pressures is
currently not available in literature. Performance of microchannel surfaces with FC – 87 yields
average values when compared with other enhancements. Finned surface with the understanding
obtained from microchannel surface testing gives a highest heat flux value for FC – 87 as
compared to published work at atmospheric pressure for FC – 87.
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7. REPEATABILITY

Durability and repeatability of the pool boiling performance of an enhanced surface has become
extremely important. Surface contamination of boiling could occur due to deposition of inert
matter from the working fluid or the chemical reaction with the fluid or vapor [6]. Corrosion can
also occur due to long term boiling [49] and effect the overall heat dissipation. The introduction
of nanofluids and nanostructures has caused serviceability of enhanced structure to come under
question.

Figure 7.1 Boiling curves for chip 6 tested six months apart for ethanol at atmospheric
conditions.
Figure 7.1 shows a plot of heat flux versus wall superheat for chip 6 tested six months apart.
The above test was conducted to observe the performance difference with age. Both the test run
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obtained a similar max heat flux of around 900 kW/m2. Figure 7.1 shows that the microchannel
enhancement for the period of six months did not suffer from age effects.
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9. CONCLUSION
Pool boiling performance was studied on plain and enhanced microchannel surfaces using
ethanol and FC-87 as working fluids. Specific conclusions related to each fluid are listed below.

9.1 Ethanol
A pool boiling performance study with ethanol as a working fluid was conducted to
investigate the effects enhanced surfaces at atmospheric and sub-atmospheric pressures. The
following conclusions are drawn based on the experimental results.
a) Temperature overshoot was observed on all chips that were tested. It is due to the
inherent wetting nature of ethanol. Specific measures should be taken to avoid this
overshoot in a practical system.
b) Microchannel enhanced surfaces were able to dissipate more than twice the amount of
heat flux as compared to the plain surface at a given wall superheat in the nucleate
boiling region.
c) Effect of the geometrical parameters was studied. Deeper (400 µm), narrower channels
(200 µm) and narrower fin width (200 µm) showed better performance than their
shallower and wider counterparts.
d) Effect of pressure was seen to be in agreement with the reported literature. Pool boiling
performance deteriorated with decrease in system pressure. Surface temperature of all
chips reduced with decrease in pressure, indicating a stronger effect due to the reduction
in the corresponding saturation temperature of the liquid.
e) Chip 1 with a channel width of 207 µm, channel depth of 456 µm and fin width of 193
µm performed the best among the group. A maximum heat flux 104 W/cm2 was obtained
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for chip 1 while maintaining the surface temperature at 84.1 °C with ethanol at a system
pressure of 33.3 kPa.
Approximately 1 MW/m2 of heat was dissipated with the enhanced surface while maintaining
the wall temperature below 85 °C with ethanol as the working fluid at a sub-atmospheric
pressure. Further safety analysis and overshoot concerns need to be addressed before ethanol at
these conditions is deployed in practical chip cooling applications.

9.2 FC – 87
In the second study, pool boiling performance of microchannel enhanced surface with FC –
87 at atmospheric pressure was conducted. The following conclusions were drawn based on the
study:
a) Microchannels dissipated 1.5X or more heat flux compared to a plain surface. A
maximum heat flux of 550 kW/m2 for a wall superheat of 37 °C was obtained with
chips 1, 2 and 3.
b) Slight temperature overshoot was observed for all tested chips.
c) FC – 87 is suitable candidate for electronics cooling due to its dielectric, low
saturation temperature and inert nature. The maximum wall temperature with FC 87 at atmospheric pressure dissipating 550 kW/m2 with microchannel was 67 °C.
d) Surface area increase is the dominant factor in the improved boiling performance
with microchannel surfaces for FC - 87. Further increase in the overall surface area
augmentation factor is expected to improve the performance.
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e) Large wall superheat observed while using FC’s may be reduced by using microporous structure on the surface.
Surface area increment was identified as the dominant mode in obtaining high heat
dissipation rate. Based on this, new finned surface with tall fins of 8.2 mm height was developed.
The finned structure gave a maximum heat flux of 1.25 MW/m2 at 40 °C wall superheat and a
heat transfer coefficient of 30 kW/m2°C for the same wall superheat. The heat flux value
recorded is the highest observed in literature for FC – 87 at atmospheric pressure.
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9. FUTURE WORK
The microchannel surface developed for this study can be further enhanced by depositing
porous material on them. Porous structures have shown in literature to provide low wall
superheats. A new hybrid structure having the superior performance of microchannel and low
wall superheats of porous structure should augment the pool boiling performance.
Visualization of bubble dynamics is the key for understanding the mechanism of bubble
nucleation and departure. In the current work, visualization was not conducted. For future works,
visualization for different fluids on microchannel and other surfaces should greatly aid in
understanding bubble dynamics.
High pressure boiling systems also have various applications in the industry. These
enhanced surfaces can be used to improve heat dissipation with different working fluids at high
pressures.
Binary mixture, nanofluids and R – 134a are some of the other working fluids that are being
currently investigated in the field of pool boiling. Effect of microchannels can be studied on
these fluids also.
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